On Growth and Form has stood at the forefront of our understanding of the development of biological form for the past century. In this essay, I take a look at how modern techniques are enabling unprecedented insight into the spatio-temporal regulation of development, which facilitates testing of the ideas that D'Arcy Thompson laid down so brilliantly 100 years ago.
Introduction
As someone who changed career path from theoretical physics to experimental developmental biology, "On Growth and Form" (Thompson, 1917) is an essential ally in applying physical principles to biology. It provides clear conceptual understanding of biological ideas that are approachable to researchers trained in the physical sciences. With the rise of quantitative biology in recent times, one must be careful to recognize that D'Arcy Thompson (and others) were applying mathematical concepts to biological phenomena 100 years and more ago -in his own words, "Their problems of form are in the first instance mathematical problems".
Indeed, D'Arcy Thompson appeared willing to overlook relevant biological information: "We learn to weigh and to measure, to deal with time and space and mass and their related concepts, and to find more and more our knowledge expressed and our needs satisfied through the concept of number". Of course, D'Arcy Thompson's focus on mathematics over the underlying biology divided opinion and also meant that he passed over some possibilities that were not straightforward to conceptualize mathematically (Arthur, 2006) . One example is the burgeoning field of evolution and development ("evo-devo") (Gould and Lewontin, 1979) , where the emergence of biological form is linked to the underlying evolutionary processes (Gould, 1971) .
A further part of the book that stands out is its incredible breadth. D'Arcy Thompson opines on timing, growth, cellular form, and the shape of organisms. He does all this within a biophysical framework, where general physics principles are used to explain a broad range of biological processes. Importantly, he wove an intriguing story between physical processes -such as soap bubbles -and biological ones and drew analogies where appropriate. D'Arcy Thompson proclaims that cell shape is "… neither more nor less than a property of 3D space". Physical concepts such as symmetry, energy minimization, and surface tension all form key parts of his treatise. Much attention is given to his chapter on the transformation of shape, as Wallace Arthur (Arthur, 2006) stated: "He is primarily known for a … single chapter within it, on his 'theory of transformations', which shows how the differences between the forms of related species can be represented geometrically." However, with the rise of fields such as quantitative biology and mechanobiology, it is now clear that ideas throughout the book are just as relevant today. For example, D'Arcy Thompson discusses in detail the regulation of reaction rates during growth and the importance of temperature on biological systems. He analysed the temperature-dependence of pea root growth and found a close, but not exact, fit to the work of Van't Hoff and Arhennius on the temperature dependence of chemical reaction rates. The lack of precise agreement did not surprise him as "in the living body we have constantly to do with factors which interact and interfere". Recently, the timing of development in Drosophila embryogenesis has been quantitatively measured, including in a range of Drosophila family members (Kuntz and Eisen, 2014) . The dependence of the developmental time on temperature is well described by the ideas discussed in detail by D'Arcy Thompson. D'Arcy Thompson's treatise relating to the importance of mechanics in biological systems represent one of his finest achievements. He proposed that physical methods -such as force balance and energy minimisation -are just as applicable to biological systems as inorganic ones. The enduring legacy of these ideas is shown by the emergence of mechanobiology as a thriving area of research (Mammoto et al., 2013; Iskratsch et al., 2014; LeGoff and Lecuit, 2015) . We are gradually realizing the importance of mechanical regulation within and between cells and its effects on physiology and health -including in cancer (Zaman, 2013) . Such progress would likely hardly be a surprise to D'Arcy Thompson: a cornerstone of his book is the concept that mechanics plays a central role in many biological processes. He uses the introduction to justify in detail the use of mathematics and physics to describe the action of mechanics and forces in biology. To this end, he quotes Helmholtz: "…these forces, so far as they cause chemical and mechanical influence in the body, must be quite of the same character as inorganic forces". This ability to straddle fields and to see the wider implications of processes and mechanisms -particularly with relation to force -is one of the strengths of "On Growth and Form". Perhaps this is most strikingly summarized by Stephen J Gould (Gould and Lewontin, 1979) : "Many critics have failed to grasp this view of action of physical forces; they dismiss Growth and Form as a book filled with curious and ingenious analogies that describe some aspects of form but explain nothing. To D'Arcy Thompson, however, a correspondence between organic and inorganic is more than an analogy; it is a demonstration that two objects probably have the same efficient cause".
Others in this issue discuss the relevance of D'Arcy Thompson's ideas on morphogenesis. In this essay, I explore how modern live imaging of cells, tissues, and organs in vivo is allowing us to test some of the proposals laid out in On Growth and Form. I focus on three areas relevant to his work: (1)Microscopy: recent advances in quantitative biology have come in part due to significant improvements in imaging technology -I outline some recent microscopy advances and how these provide potential for exciting insight into the growth and form of organisms over the next few years, from a single cell through to an adult.; (2) Three-dimensional cell shape and packing, and in particular how active processes can distort the simple packing rules that are elucidated in "On Growth and Form"; and (3) Organogenesis: "On Growth and Form" focused predominantly on the adult form, however, recent work has demonstrated that similar concepts can be applicable at the organ level.
Imaging growth and form
There have been major advances in microscopy over the past twenty years, most notably with the emergence of super-resolution microscopy (Klar and Hell, 1999; Betzig et al., 2006) . Here, I will focus on two areas relevant to the ideas of D'Arcy Thompson. First, I will outline how quantitative fluorescent techniques are enabling insight into the underlying molecular dynamics driving patterning and cell fate specification during development. Second, I will discuss how light-sheet microscopy is opening up a window into development, by enabling long-time and high spatio-temporal resolution imaging of development.
Quantitative fluorescence microscopy
The regulation of growth is mediated by a host of signalling pathways that are highly dynamic during development. Therefore, gaining insight into the underlying protein dynamics is essential to build-up realistic models. There is now a large suite of quantitative fluorescent techniques available for researchers (Muller et al., 2013) , including fluorescent recovery after photo-bleaching (FRAP) (Lippincott-Schwartz et al., 2003) , fluorescence correlation spectroscopy (FCS) (Tian et al., 2011) , fluorescence lifetime imaging microscopy (Suhling et al., 2015) , and utilizing photo-convertible fluorophores to probe protein transport rates, see Refs. (Gregor et al., 2007; Kicheva et al., 2007; Drocco et al., 2011; Saunders et al., 2012; Muller et al., 2012) for examples of in vivo applications of these approaches.
Perhaps the best studied example of quantitative measurement of protein dynamics in vivo is the morphogen gradient Bicoid (Driever and Nüsslein-Volhard, 1988) , that forms a concentration gradient from the anterior to posterior pole in the early Drosophila embryo . Using a Bicoid-eGFP fusion that rescues wildtype patterning, Gregor et al. used FRAP to determine the diffusion rate of Bicoid in vivo, D = 0.3 μm 2 s −1 (Gregor et al., 2007) . However, FCS measurements predict a larger diffusion constant, D~5 μm 2 s − 1 (Abu-Arish et al., 2010) . Therefore, care must be taken in interpreting such quantitative data, and, for example, in the case of Bicoid, the differences in the measured diffusion constants can be explained by recognising that the above experiments are measuring different aspects of Bicoid transport (Sigaut et al., 2014) . Recently, the use of photo-convertible fluorophores has led to increased quality of dynamic measurements (Kaur et al., 2013) . In the four-cell mouse embryo, differences in Sox2 DNA binding -as determined by using photo-activatable GFP for FCS -can differentiate cell fate (White et al., 2016) . We have extended this approach to three-dimensions (Singh et al., 2017) by taking advantage of light-sheet microscopy (see below) (Galland et al., 2015) . We were able to reconstruct the three-dimensional dynamics of Polymerase II inside the cell nucleus and also provided an estimate of the diffusion of Yap-Dendra2. Such approaches allow the three-dimensional dynamic architecture of biological samples to be explored. Along with significant other work, these examples demonstrate that we increasingly have the power to investigate protein dynamics during development.
Imaging development at relevant spatial and temporal scales
To understand the emergence of complex shape during development requires imaging across a range of scales -from subcellular (e.g. protein location) to tissue spatial scales (e.g. emergence of shape), and from second (e.g. protein dynamics) to hour time scales (e.g. time for tissue shaping). But, imaging the growth of tissues, organs, and even organisms at all the appropriate scales can be very challenging. Development takes place over long time periods -even the remarkably fast embryonic development of Drosophila melanogaster takes a day. Therefore, imaging development live -which is necessary to understand growth and how the final form of tissues arises -is essential. With the introduction of confocal microscopy and the ability to express fluorescent markers in developing organisms, we have begun to build an understanding of many processes. However, confocal microscopy struggles to follow the development of most organs at both relevant spatial and temporal scales (it generally offers good spatial resolution but slow imaging rates). Other approaches, such as optical projection tomography, can view large scale structures (Sharpe et al., 2002) but are not suited to more rapidly developing systems.
The implementation of light-sheet fluorescent microscopy has helped to push boundaries in both the spatial and temporal scales accessible during development. Siegmond and Zsigmondy first used a lightsheet-like instrument in 1903 to explore Brownian diffusion (Siedentopf and Zsigmondy, 1903) , Fig. 1A . The idea of illuminating samples with a defined sheet of light and then imaging the emission was adapted for fluorescent microscopy (Voie et al., 1993; Huisken et al., 2004) . Rapid improvements in light-sheet microscopy have been made over the past decade: scanning light-sheet microscopy (Keller et al., 2008) ; HiLo background subtraction (Mertz and Kim, 2010; Bhattacharya et al., 2012) ; multi-view light-sheet microscopy (Krzic et al., 2012; Tomer et al., 2012) , Fig. 1B ; confocal light-sheet microscopy (de Medeiros et al., 2015) ; and lattice light-sheet microscopy (Chen et al., 2014) have all significantly improved the spatial and temporal scales accessible. Combining these improvements in microscopy with advances in camera technology, embryos can now be imaged in toto at high spatial and temporal resolution, though at the cost of creating terabytes of data. Light-sheet microscopy enables imaging simultaneously at an organism and molecular level, and hence has the potential to help us gain deeper insight into the development of complex shape in vivo.
D'Arcy Thompson clearly believed in the importance of learning from other fields to gain insights. In this regard, microscopy for biology has been no different. One standout example is the implementation of adaptive optics (Wang et al., 2014) , and its recent implementation into light-sheet microscopy (Royer et al., 2016) . In astronomy, a laser Fig. 1 . Multi-view light-sheet microscope A: Ultramicroscope used by Siedentopf and Zsigmondy to measure particle diffusion, as shown in (Siedentopf and Zsigmondy, 1903) . The imaging chamber is at the top left of the device. B: Multi-view light-sheet microscope used in the Saunders lab. Two sCMOS Flash4 cameras (not visible) record 2048 × 2048 images at high frame rates. Inset: microscope chamber, where blue and red arrows denote illumination and detection paths respectively. Samples are mounted from above. C: Drosophila embryo expressing h2b::RFP during dorsal closure imaged on a multi-view light-sheet microscope. Dorsal (left) and lateral (right) views are shown.
guide star is used to correct for imaging artefacts due to atmospheric aberrations. At the microscopic level, a de-scanned laser guide star is used to correct for aberrations due to the embryonic tissue. The recent implementation of adaptive optics in light-sheet microscopy (involving up to ten optical degrees of freedom controlled automatically by software) can correct for refractive aberrations live in developing tissues and organisms. Therefore, we are at the stage where light-sheet microscopes can image at close-to confocal levels of sensitivity and resolution while also providing a large field of view and rapid imaging.
The potential of light-sheet microscopy was demonstrated by in toto analysis of cell morphology during Drosophila embryo gastrulation (Rauzi et al., 2015) . Simultaneous imaging of dorsal, lateral, and ventral sides of the embryo enabled mechanical differences in the tissue properties (as a function of DV distance) before and during gastrulation to be carefully examined. In particular, by coupling light-sheet microscopy with laser ablation, an exploration of the effects of localized perturbations on the whole tissue were possible. Lateral cells were found to move as a compact cohort, in contrast to dorsal cells which stretched. The coordination of these different cell behaviours was necessary for robust furrow internalization. Thus, light-sheet microscopy offers the potential to access information about tissue dynamics (and subsequently shape formation) that was previously unobtainable.
Cell shape and packing
Above, I have outlined how imaging advances are enabling increasingly accurate reconstructions of developmental process. In this section, I will focus on some of the physical aspects underlying the formation of complex shape in vivo.
D'Arcy Thompson devoted considerable effort in "On Growth and Form" to understanding the form of cells and tissues. Building on the work of others, such as Plateau (Plateau, 1878) , he emphasized the importance of surface tension as being central to understanding the particular cell shapes observed. He extensively used analogy with soap bubbles -a much simpler phenomenon to study than cells themselves. Interestingly, however, although he has been criticized for ignoring biological processes, he shows awareness of the weaknesses regarding the underlying approximations: "in simplifying the surface phenomena of the cell,…, we may be losing sight,…, of some of its most specific physical and physiological characteristics". Recent work has begun to fill in such details, and pleasingly much of D'Arcy Thompson's arguments have withstood the inclusion of more detailed molecular information (Lecuit and Lenne, 2007) .
By considering surface energy and the principle of minimizing area, D'Arcy Thompson elucidated why the hexagonal packing of cell structures is common in nature, from the beehive to the compound eye. The formation of 120°structures comes from considering force balance at a three-way junction, when each bond is exerting similar force, Fig.  2A -B. Of course, not all bonds join at 120°; indeed, often at boundaries bonds attach at 90°to the boundary, Fig. 2C -D. D'Arcy Thompson explained such differences by considering tensional differences between bonds -which have now been experimentally measured through techniques such as laser ablation (Farhadifar et al., 2007; Toyama et al., 2008) . D'Arcy Thompson based much of his analysis on the Law of Minimal Areas: "in every liquid system of thin films in stable equilibrium, the sum of the areas of the films is a minimum". However, of course, there has been contention over whether the assumptions -that cells are like thin films and that cells can be described as in stable equilibrium -are valid. For many years there was a lack of direct evidence that an analogy with films to describe the role of surface mechanics in shaping tissues in vivo was reasonable. Of course, "On Growth and Form" predates knowledge of, for example, actin and myosin in mediating force, and recent work is beginning to reveal the molecular mechanisms behind the formation of hexagonal patterns within tissues (Hayashi and Carthew, 2004) . One particular example is the transmembrane cadherin proteins (Urushihara and Takeichi, 1980; Hyafil et al., 1981; Maître and Heisenberg, 2013) , which facilitate mechanotransduction (Iskratsch et al., 2014; Leckband and de Rooij, 2014) : the interpretation of mechanical stimuli into a cellular response.
Before focusing on specific examples, I expand on an important point raised above: equilibrium versus non-equilibrium interpretations of biological systems (Coulon et al., 2013) . Recent work has highlighted that, for example, the (microscopic) cytoskeleton is a nonequilibrium system, due to the complex meshwork of interactions between components such as actin and myosin, which involve continual ATP consumption (Mizuno et al., 2007; Brangwynne et al., 2008; Ziebert et al., 2007) and also the beating of flagella (Battle et al., 2016; Rupprecht and Prost, 2016) . Theoretical descriptions of active matter, such as the cytoskeleton-motor system, have been developed in recent years (Kruse et al., 2004; Marchetti et al., 2013; Prost et al., 2015) .
At the tissue level, vertex and cellular Potts models use an equilibrium approach, as the predicted evolution corresponds to the relaxation to a state of minimal effective energy. These energies are said to be effective, since they generally include contributions that model fundamentally out-of-equilibrium processes. For example, an elastic energy that imposes the cell velocity is introduced to model cell migration in tissues (Kabla, 2012) . Defining such effective energies should only be thought as a convenient method to express cellular forces, since outof-equilibrium systems may not converge to a state of minimal thermodynamic energy. Despite these approximations and limitations, such models have been useful in understanding a range of processes, such as cell compartmentalization and packing in the Drosophila wing disc (Farhadifar et al., 2007; Umetsu et al., 2014) .
We can now record in vivo time courses of biological processes, to more precisely test whether a process can be approximated as in equilibrium (Battle et al., 2016) . This is important because non-equilibrium system may exhibit spontaneous motion even in the absence of an external driving force, in sharp contrast to the equilibrium situation (Marchetti et al., 2013) . Returning to D'Arcy Thompson's work, it is remarkable how well many of his approximations -which either implicitly or explicitly assume the system is in equilibrium -provide accurate descriptions of biological processes. However, this is in part due to the short timescales often considered -it is becoming apparent that at long timescales, equilibrium approximations of biological systems often begin to break down. This highlights a major area of conceptual understanding that needs further development -when are nonequilibirium approaches essential, and, relatedly, what are the appropriate timescales?
The compound insect eye has provided an excellent testbed for ideas in cell packing. The Drosophila retina is formed from an epithelium arranged in hexagonal facets. These facets, known as ommatidia, each contains exactly 20 cells precisely arranged. There are different cell types within the ommatidia, including photoreceptors and pigment cells. In particular, there is a core of four cone cells at the centre, that pack analogously to soap bubbles. Hayashi and Carthew (Hayashi and Carthew, 2004) directly tested whether the analogy between soap bubbles and cell packing held by examining mutants of Rough eye, which resulted in a variable number of cone cells. The observed packing of cone cells (from one to six) closely matched stable soap bubble configurations (i.e. configurations that minimised surface area) with the same corresponding number of bubbles. However, these results were still correlative. The authors identified that N-Cadherin was differentially expressed within the ommatidia. In N-Cadherin mutant clones, cone cells form bonds closer to 120°with the surrounding cells whereas in wildtype the bond is closer to 90°: consistent with the principles of minimizing surface energy and balancing bond tension, as laid out by D'Arcy Thompson. Proliferating epithelia typically exhibit more irregular patterns, a point recognized by F. T. Lewis in 1926 (Lewis, 1926 . A classic system for studying such behaviour is the Drosophila wing imaginal disk. The system has competing interests; the tissue needs to be able to facilitate proliferation while ensuring that the integrity of the tissue is maintained (Lecuit and Lenne, 2007) . From simple modelling of proliferation, Gibson et al. demonstrated that a proliferating tissue has neighbour packing of six at long times, regardless of surface tension (Gibson et al., 2006) . The key ingredient is the formation of tricellular junctions between cells, which results in a recursive relationship for the average number of sides per cell (s, also known as the packing density) at division time t, s t =6+2 −t (s 0 − 6) where s 0 is the started average number of sides per cell. At long times, s t = 6. A more detailed Markov chain model extended this to predict the distribution of cell neighbours in a proliferating tissue. Remarkably, there was agreement between this prediction and the packing density in a range of different organisms. This example highlights the power of computational simulation (obviously not available to D'Arcy Thompson) in tackling a complex process. Although such behaviour was not predicted by D'Arcy Thompson, it demonstrates the power of physical reasoning in predicting biological behaviour -a priori, it is not obvious that the Drosophila wing disc, the Xenopus tail epidermis, and Hydra epidermis should all exhibit very similar distributions in their cell packing arrangement (see Fig. 3 in (Gibson et al., 2006) ).
In the work of my own research group we have focused on how columnar-like cells pack within curved regions. The space within which cells are embedded plays an important role in determining their arrangements and patterning. A simple example is the patterning of the surface of a football. From the Euler-Poincare equation, exactly 12 pentagons are required in addition to hexagons in patterning a sphere, Fig.   2E . Subsequently, the mean packing density of the tissue is now s
N -so, in curved systems with low cell number, the packing density may vary from six. Examples of biological systems where the local geometry may affect cell packing and organization include the intestinal crypt and at the anterior pole of the cellularising Drosophila embryo. A consequence of such geometric constraints is that cells compete for space and can lead to cell deformations, such as skew (Bellis et al., 2012) . The interaction between cells and the embedding geometry may well play an important role in regulating cell growth and function. This work also highlights how modern tools such as computational image analysis enables the extraction of quantitative information -such as cell shapes and the embryo geometryallowing rigorous analysis and testing of ideas first discussed over a hundred years ago.
The variation between apical and basal surfaces of epithelial cells and how these interact with the surrounding geometry can also affect cell and tissue shape. In the early Drosophila embryo, during cellularisation the anterior-most cells do not extend their basal surface as far as compared with cells in the embryo trunk (Blankenship and Wieschaus, 2001 ). This shortening is dependent on the presence of Bicoid, a morphogen that provides positional information to the embryo along its anterior-posterior axis. Such cell shortening may play a role in tissue morphogenesis and cellular arrangements during early embryo development. Another example is gastrulation in the Drosophila embryo (Leptin, 1999) . Pulsed apical acto-myosin constrictions drive the onset of gastrulation (Martin et al., 2009) . But, the surrounding embryo geometry appears also to be important in the onset of gastrulation. It has recently been proposed that subtle differences in the dorsal and ventral geometries of the Drosophila embryo are sufficient to drive gastrulation onset (Hočevar Brezavšček et al., 2012) . Finally, recent work has demonstrated that during elongation of the Drosophila germ-band the apical and basal surfaces of the cells are both active in cell intercalation, Sun et al. in press. Indeed, the basal cell intercalation is largely independent of apical constrictions. Overall, modern quantitative techniques have demonstrated that the ideas D'Arcy Thompson elucidated about cell packing and arrangements hold in a range of systems, and that analogy with physical systems (e.g. soap bubbles) can provide real insight into biological systems. However, biological systems are often more complex, and using interdisciplinary ideas we are beginning to understand cell arrangements even in proliferating and three-dimensional tissues.
The form of tissues and organs
Despite being limited by what he could observe, D'Arcy Thompson was still able to make insight into the formation of organs -though he was naturally biased toward external structures such as the insect wing, Fig. 2D , and plant stomata. He demonstrated that soap bubbles form patterns similar to the cellular arrangements in early frog embryos, Fig. 3A-B . Indeed, he argued that there are only twelve types of cellular patterns obtainable in the eight-cell stage embryo. Work in his own laboratory (involving photographing more than a thousand embryos) demonstrated that of these twelve mathematical possibilities, some were significantly more likely to occur in vivo. Although he was unable to explain why certain arrangements were preferential, he argued that the repetition of such patterns in other biological systems is because "the phenomena are not … specific characters, of this or that tissue or organism, but involve general principles…which lie within the province of the mathematician".
D'Arcy Thompson clearly appreciated the role of cellular force and surface tension in forming tissues, organs, and organisms. For example, he discusses the role of tension -and how it is modulated by divisionin stoma formation and the role of asymmetric growth in forming complex shape, Fig. 3C : "the forces which dominate the form of each cell regulate the manner of its subdivision". Such work has been put on a more quantitative footing, with examples including determination of the cell division axis (Minc et al., 2011) and in plant growth (including stomata (Robinson et al., 2011) and leaf growth (Kuchen et al., 2012) ). Leaf growth is a particularly good system for studying the feedback between force and cell proliferation, and it is also relatively tractable for theoretical study. Recent work has shown how leaf formation can be described within a two-dimensional modelling framework that incorporates feedback between leaf growth (particularly with regard to polarized cell division) and deformation (Kuchen et al., 2012) . Such a model can recapitulate a range of leaf shapes in both Arabidopsis and Antirrhinum (snapdragons). Theoretical modelling incorporating cell-cell adhesion, cortical rotation, and cellular polarization has also been able to replicate the cell positioning in the 8-cell stage of seven invertebrate species (Brun-Usan et al., 2017) . Therefore, with the power of modern genetic manipulation and computational simulation, realistic models of growth and patterning are being developed that are pushing the ideas of D'Arcy Thompson much further.
Typically, organs form from initially simple morphologies -such as epithelial tubes (Maruyama and Andrew, 2011) or sheets (e.g. imaginal disks). They then subsequently undergo complex rearrangements to produce the final form, for instance by branching morphogenesis in the case of branched tubular structures (Ochoa-Espinosa and Affolter, 2012) . Processes ranging from cell migration (Chung et al., 2014) and proliferation (Stanger et al., 2007) to cell apoptosis (Song and Steller, 1999; Perez-Garijo and Steller, 2015) are essential in shaping organs. Moreover, these processes are interconnected and are typically regulated simultaneously. A classic example is the heart, which in most organisms is initially a columnar tube (Bodmer, 1995) , Fig. 3D , and the underlying heart specification network is highly evolutionary conserved (Bodmer and Venkatesh, 1998; Olson, 2006) . Species variation in heart morphology is due to signalling and tissue architecture differences after initial specification (Marques et al., 2008; Gupta and Poss, 2012; Jain et al., 2015; Foglia and Poss, 2016) . One particularly interesting process is the feedback between heart pumping and heart morphogenesis, including effects from hydrodynamic forces due to pumping (Vermot et al., 2009; Peshkovsky et al., 2011; Peralta et al., 2013) . For example, expression of the transcription factor klf2a is sensitive to the hydrodynamic force within the heart and this plays an important role in correct valve formation (Vermot et al., 2009) . The examples of both the heart and leaf growth demonstrate that organ formation is not a linear process, from specification to form, but instead relies inherently on feedback from the growth itself (e.g. through changes in hydrodynamic forces) to form correctly shaped organs.
Most internal organs do not grow in isolation but constantly respond to neighbouring tissues and signals. The importance of organ-organ communication in regulating organogenesis and homeostasis is increasingly apparent (Parker and Shingleton, 2011; Droujinine and Perrimon, 2013; Owusu-Ansah and Perrimon, 2015) . Such communication can be direct, by altering hormone levels (Rajan and Perrimon, 2011) or by modulating signalling pathways, e.g. the Drosophila BMP family member Decapentaplegic (Li et al., 2013) . Indirect activation lies in mechanotransduction pathways, that in turn regulate diverse intracellular processes (Farge, 2011) . in vitro, mechanical strain has been shown to alter both the Hippo/YAP (Dupont et al., 2011) and JNK (Codelia et al., 2014) pathways, both of which play important roles in regulating organ growth (Tumaneng et al., 2012; Willsey et al., 2016) . Morphogenesis of the Drosophila embryonic trachea also depends on the mesodermal fat body (Dong et al., 2014) and embryonic gene regulation can be altered by external mechanical perturbation (Farge, 2003) . Therefore, we see that extrinsic factors play a crucial role in forming the final shape of organs. Such considerations were beyond the knowledge available at the time to D'Arcy Thompson, but do not negate his approach -I doubt he would be surprised by the necessity of considering feedback (from both within and external to the tissue of interest) in describing the mechanisms of how its final shape forms.
A striking example of how applying concepts from physics and engineering can aid our understanding of the emergence of complex form is the development of the mammalian gut. The gut forms a complexlooking morphology, consisting of loops of varying number and shape in different species. A range of models have been proposed for gut formation, including both intrinsic and extrinsic regulation (Savin et al., 2012) . A model of gut formation that incorporated only the geometry, elasticity and differential growth of the tissues was sufficient to predict the number and size of the loops in a range of species (chick, quail, finch and mouse). Indeed, the shape of the gut could be replicated at the macroscopic level using a rubber model (~20 cm long, width~5 cm) by stitching the rubber sheet along one edge (Savin et al., 2012) . The power of such a modelling approach is in demonstrating how small parameter variations between species can explain the range of forms of the gut. The Drosophila embryonic hindgut has also proven a fruitful system for studying complex shape formation. The hindgut forms a question-mark-like shape, Fig. 3E , that is highly robust in its chirality. The onset of the chirality is due to subtle variations in cell shape in the developing hindgut, mediated by E-Cadherin (Taniguchi et al., 2011) and an unconventional myosin (Hozumi et al., 2006) . Therefore, only small differences in the arrangements of mechanosensitive elements is sufficient to drive large-scale tissue deformation in a highly reproducible manner. Of course, this poses the question of how such large-scale morphological changes are robust to (inevitable) biological noise (such as protein number and cell shape variation) during development. While there has been considerable work investigating the robustness of gene networks, the role of mechanical interactions in ensuring robust morphogenesis is still poorly understood.
The recent unification of molecular and more classical approaches have revealed deep insight into how complex form can arise from often surprisingly simple rules (Salazar-Ciudad and Jernvall, 2010) . Feedback between growth and signalling is essential in such processes. Mechanotransduction plays an important role here, for example growth rates of cells can be adapted by stress feedback, facilitating a range of morphological forms (Beloussov et al., 1994; Hamant et al., 2008; Uyttewaal et al., 2012) and in regulating scaling (Hufnagel et al., 2007) . In summary, organ formation is dependent on a range of factors beyond inputs from signalling pathways in a given organ and, in particular, evaluating the role of physical force during development may give insights into the regulation of organ shape and size. We are at an exciting point, where the link between the large scale forces that D'Arcy Thompson focused on and specific changes at the molecular level that are driving such change are beginning to coalesce.
Long-term impact of D'Arcy Thompson
To finish with, and in the spirit of Thompson to have "our needs satisfied through the concept of number", I explore the effect of his work as seen through the literature. In particular, with the modern demands of quantifying citations and impact, it is natural to ask how has "On Growth and Form" stood the test of time?
From an unfiltered analysis using Google Scholar, "On Growth and Form" has received over 6000 citations, with 180 citations in the past year alone. With assistance from the National University of Singapore Library, I analysed the long-term citation profile of "On Growth and Form", Fig. 4 , using the Web of Science Cited Reference search (this returns fewer hits than Google Scholar, though more accurately curated (Van Noorden et al., 2014) ). One striking feature is that the citations per year are still growing, with the three highest cited years all occurring since 2010, Fig. 4B . Indeed, half of the citations to "On Growth and Form" have been in the last twenty years. This speaks to the continuing relevance of the treatise to modern biological research.
I have compared the citation record of "On Growth and Form" with related articles: (Turing, 1952 ) treatise on morphogenesis (Turing, 1952) , where the idea of morphogens was first conceptualized; Wolpert's introduction of positional information in 1969 (Wolpert, 1969 ); Waddington's cell fate landscape (Waddington, 1957) ; Crick and Watson's description of the helical structure of DNA (Watson and Chick, 1953) ; and Gould and Lewontin's work at the beginning of the evo-devo field (Gould and Lewontin, 1979) . All these classic texts have withstood the test of time, with increasing citations in recent years, and "On Growth and Form" sits comfortably alongside these works. Of course, the particular choices above are somewhat arbitrary -I believe these works, with their combination of biology and mathematical ideas, represent a reasonable subset for comparison. This compares with the average journal article, which typically (at least for physics) has a citation half-life of around 5-10 years (Abt, 1996; Abt, 1998) . Therefore, we see that "On Growth and Form" has had -and is still having -an impact on research throughout the past hundred years, as G. Evelyn Hutchinson presciently predicted "one of the very few books on a scientific matter written in this century which will, one Fig. 4 . Analysis of citations of "On Growth and Form" A: Total citations for "On Growth and Form" compared with other classic biology works that combine biophysical, theoretical, and experimental approaches. B: Citations per year for the same group of papers. Citation analysis performed as described in text.
may be confident, last as long as our too fragile culture" (Hutchinson, 1948) .
Conclusion
Overall, the legacy of "On Growth and Form" is seen in its endurance. D'Arcy Thompson did not have the power of modern genetics or imaging to guide him, so in some aspect his representations seem almost overly ideal. However, the deeper concepts and the incorporation of techniques from multiple disciplines still hold firm today. To quote Evelyn Hutchinson: "On Growth and Form is a great book because it shows us science as a traditional activity and tells us that the tradition is one of daring and imagination" (Hutchinson, 1948) . This is further exemplified by the breadth of fields that the book has influenced, from evolutionary biology (Gould and Lewontin, 1979) to mechanobiology (Kicheva et al., 2007) . Importantly, D'Arcy Thompson's work epitomised how theoretical considerations can be used to make meaningful biological insights. Hopefully, as the latest microscopy and theoretical tools become available to a broader range of researchers, we will begin to create a coherent picture of how growth is controlled and subsequently form emerges in nature.
